In the city of Berlin, artificial groundwater recharge techniques, such as bank filtration and infiltration ponds, are an important source for drinking water production. Climate change with increasing surface water temperatures can influence the water purification processes during bank filtration mainly due the intensification of metabolic processes leading to a decrease of oxygen and an increase of anaerobic conditions. In Lake Tegel a significant increase of water temperature in the epilimnion of 2.48C within the last 30 years was recorded. has not yet become significant at Lake Tegel, but with increasing water temperature, sulphate reduction must be expected.
INTRODUCTION
Bank filtration is an old water abstraction technology and has been used for over 100 years. Different infiltration systems, such as river banks, lake shores and artificial ponds for groundwater recharge have been established ). At present, riverbank filtration is the main water abstraction method used in many European regions, and lake bank filtration also is applied on a large scale in a few places such as Berlin, where 2.6 million inhabitants have been supplied with bank filtration water from Lake Tegel and other sites for about the past 70 years. Water abstraction occurs from over 1,000 wells. Only raw water is oxygenated for iron precipitation by water sprinkling, and fast sand filtration is used for iron elimination.
Bank-filtration water purification is based on two processes: first, biological self-purification and second, geochemical and hydrogeological processes during groundwater passage ). Biological selfpurification is realised by an adapted biocoenosis with high turnover rates, whereas geochemical and hydrogeological processes are characterised by low turnover rates. However, the transit time during bank filtration of about 50 days guarantees water purification by absorption and doi: 10.2166/wcc.2010.005 metabolisation. The zone with increased bioactivity and its structural components within the interstices, the biofilm, amounts only to a few metres of the bank filtration zone (Brugger et al. 2001; Hiscock & Grischek 2002; ). This observation is of great interest for water treatment by bank filtration, especially when considering shock loads and physical and chemical disturbances such as temperature increases.
The purification process within the pore water is a redox-dependent biodegradation of organic material, and turnover rates are highly dependent on local redox conditions as well as on temperature. Up to now, little has been discovered about these processes during groundwater
recharge. An assessment of redox processes and temperature effects for bank filtration is required for a better understanding of the regulatory mechanisms of biological self-purification and physical-chemical redox processes, as well as their effects on pore water quality in natural and induced bank filtration sites. Degradation of organic material leads to consumption of oxygen, and the resultant use of alternative electron acceptors such as nitrate, manganese, iron oxide, hydroxide and sulphate. This leads to the formation of distinct redox zones along the flow direction (Massmann et al. 2008) .
Temperature effects on bank filtration are highly significant and have become the focus of further research activities with special regard to climate change and water temperature all over the world, as well as implementation of bank filtration techniques in some subtropical and tropical countries (Sens & Dalsasso 2007; Dash et al. 2008; Ray 2008 
2005
). The city of Berlin and the surrounding Brandenburg region is one of the driest regions in Germany, with a negative climate water balance in summer. Therefore, this area is highly sensitive to climate change (PIK et al. 2003) .
In future, the mean discharge of the Havel and Spree Rivers, with extended bank filtration sites, will further decrease, and without this dilution effect, higher sewage and other contaminants will be increasingly concentrated (Gunkel 2009 ), and will, thus, strongly influence water quality following bank filtration. Lake water warming was registered at Lake Mü ggel, an enlargement of the Spree River in Berlin, and within 25 years the mean summer surface water temperature had risen about 2.38C , with consequences for oxygen and nutrient levels (Wilhelm & Adrian 2008 ) and phytoplankton response (Huber et al. 2008) .
MATERIALS AND METHODS

Regional climate
The Berlin region is part of the temperate climate zone, with transition to continental climate. The mean annual temperature is 8.98C, and the warmest months are July and August, with means of 18.58C and 17.78C, respectively (Table 1) . Regular hot periods occur with air temperatures 
Climate change effects in Lake Tegel
Within 28 years (1980 -2008) , the mean surface water temperature (0.5 m water depth) of Lake Tegel had risen about 2.48C (monthly mean). This climate change effect is obvious, with increasing minimum temperatures during winter and increasing maximum temperatures in summer (Figure 2 ). During the period studied, the maximum epilimnic water temperatures reached about 23 -258C.
Temperature at the infiltration site was not recorded continuously, but we must assume that temperatures in the shallow littoral zone are even higher than in the central lake monitoring station. 
Analytical methods
For the determination of pH and redox potential (E H ) in parallel with pore water sampling, a sediment core was removed using an acrylic glass tube (diameter 6 cm), and Data statistical analyses were done by a nonlinear curve fit as well as an extrapolation up to 308C water temperature by OriginPro 7.5 software. A one-way ANOVA test (OriginPro 7.5) was used for significant level determination.
For further comparison between the electron availability and consumption within the infiltrating lake water ( ¼ input into the bank filtration system) and the pore water at . 20 cm sediment depth ( ¼ output into the groundwater), the redox-equivalent for each redox sensitive species (O 2 ; NO 3 ; Mn/Fe; SO 4 ) was calculated on the basis of Equation (1) of all metabolic processes in water, leading to a decrease of oxygen and the probability of increased anaerobic conditions in bank filtration zone. Anaerobic conditions cause lethal damage to all aerobic microorganisms as well as to meiofauna, the active components of self-purification processes in bank filtration. The anaerobic microbial community is less effective, and metabolic processes are slower, and this cannot substitute for aerobic bacteria and meiofauna activity.
Sediment redox chemical processes
The theoretical model consists of an infiltrating lake water input flow towards the sediment, which contains oxygen, nitrate, manganese, iron and sulphate as well as fine particulate organic matter and DOC. Distinct redox zones were defined along the flow direction, which proceed from the highest energy yield downwards. After sediment passage through these zones infiltrate/pore water finally reaches groundwater. Water quality of this output flow into groundwater strongly depends on the preceding redox and degradation processes along the bank filtration ( Figure 7 ).
The following major redox zones can be distinguished:
1. Aerobic respiration zone
4. CH 4 fermentation zone
The main part of the microbial community lives within the aerobic zone, and these organisms are primarily responsible for the degradation of organic material. The microbial activity increases, and the oxygen consumption within the sediment also increases. After oxygen depletion, alternative electron acceptors are used step by step (see Figure 7 ). Microbially catalysed reduction of nitrate and dentrification starts below E H values of þ421 mV, followed by the reduction of manganese below E H values of þ396 mV. With further decreasing redox potentials, reduced iron appears, and finally desulphurisation starts at E H values of 2 100 mV (Matthess 1990 ). From an ecological point of view, the sulphate reduction is a catastrophe because of the extreme toxic effect of S 22 , and the interstitial biocoenosis with a high abundance and diversity will break down (Beulker & Gunkel 1996) . The interstitial biocoenosis is the cause of the physicalchemical structure of the interstices because of excretion of EPS, which also accounts for self-purification processes during bank filtration ).
Temperature effects on bank filtration
The capacity of bank filtration is limited by the amount of In future, with further increase in maximum summer temperature the expected SO 4 reduction could lead to the breakdown of the interstitial biocoenosis, and by this way of the self-purification capacity.
